INTRODUCTION
A detailed understanding of how proteins such as repressors, restriction endonucleases and methyltransferases recognize and bind unique DNA sequences and catalyze specific chemical reactions is of critical importance to structural and molecular biology. This knowledge is also necessary for the development of novel nucleic acid binding agents with designed properties. One approach that has proven fruitful for extracting such information is the use of nucleoside analogues. This strategy involves adding, deleting, or altering specific functional groups within the recognition site of the oligonucleotide and measuring the effect on the binding constant, reaction rate, or specificity. A related approach is to design nucleoside analogues that have unique chemical or physical properties, such as cross-linking ability 1 or spectroscopic probe features 2 . Provided the modification to the nucleobase is conservative and does not significantly alter the substrate conformation, these experiments can provide considerable information at the molecular level about individual protein-DNA contacts. These approaches have already yielded important details concerning the interaction of nucleic acids with polymerases, 3 repressors, 4 restriction endonucleases, 5 and DNA modification enzymes 6 . Nucleoside analogues have also recently been used to study the specific nucleobase functional groups necessary for ribozyme structure and catalytic activity. 7 2-Thiopyrimidine nucleosides possess several properties that make them especially attractive and potentially useful when incorporated into oligodeoxynucleotides. 8 As photosensitizing probes, they can be used to study protein-DNA interactions via triplet state energy transfer to aromatic amino acid residues in protein-DNA complexes. 9 This is the primary reason we wanted to incorporate these analogues into oligonucleotides. Also, because the thiocarbonyl is available to interact with ligands in the minor groove of duplex DNA and has altered hydrogen bonding characteristics, 2-thiopyrimidines can be used to study minor-groove interactions. Moreover, the large, polarizable sulfur atom of 2-thiopyrimidines is known to enhance the stability of duplex DNA by. increasing the stacking interactions. 10 The increased lipophilicity would also increase the permeability of these molecules through cell membranes. Both of these features could prove important for antisense type applications. 2-Thiouracil is also selectively taken-up into melanin-producing cells and is a specific tumor marker for malignant melanoma.'' In addition, d^U possesses significant anti-viral and antileukemic activity. 12 Oligomeric forms may also prove to be medicinally useful.
The thiocarbonyl functionality of 2-thiopyrimidines is reactive toward the aqueous iodine oxidation reagent used in the phosphoramidite DNA synthesis method.
13
' 14a This prevents the direct use of the unprotected phosphoramidite synthon. Some investigators have used the unprotected d^T synthon, 14 but yields are poor and pure oligonucleotides are not obtained. Oxidative desulfurization to the corresponding 4-pyrimidinone is the main reaction. 13 In the case of d^U, which has not been incorporated into an oligonucleotide prior to this report, the 4-pyrimidinone is less stable and is further degraded with eventual strand cleavage.
In this paper, we describe how 2-thiopyrimidines can be protected by acylation of N 3 or O 4 with toluoyl chloride to render these nucleoside analogues completely resistant to desulfurization or degradation by the oxidation reagent. The toluoyl protecting group is quantitatively removed during the standard post-synthetic ammonia treatment and no additional *To whom correspondence should be addressed deprotection steps are necessary. To illustrate the usefulness of this approach, we have used this novel protection scheme to synthesize several 14-mers that contain the Eco-Rl recognition site: dGGCGGAAXXCCGCC. a self-complementary sequence, and dGGCGGAAXXCGCGG, In each case one or both of the thymidine residues in the enzyme's hexanucleotide recognition site has been replaced with d^U or d ffi T. We have characterized these oligonucleotides by base composition, thermal denaturation, CD spectroscopy and endonuclease substrate activity. The palindromic sequences containing d S2 T exhibit increased melting temperatures and complex CD spectra. All of the sequences are cleaved by the Eco-Rl endonuclease.
MATERIALS AND METHODS
General 'H, 13 C, and 3I P NMR spectra were recorded on a General Electric QE-300 at 300.7, 75.5, and 121.7 MHz, respectively. Unless otherwise indicated, all spectra were recorded in CDC1 3 and referenced to the residual solvent peak. Assignments for most structures were made based in part up on COSY, NOE, edited DEPT, and carbon-proton correlation experiments. Melting points are unconnected. All reactions were performed under dry nitrogen. Thin layer chromatography (TLC) was performed on Merck silica gel 60 F-254 aluminum-backed plates (0.2 mm layer thickness) and visualization was performed by UV illumination and by staining with phosphomolybdic acid in EtOH. Flash chromatography refers to column chromatography, performed under a slight N 2 pressure, with Merck silica gel 60 (230-400 mesh).
Enzymes were from United States Biochemical. Phosphoramidites were from Cruachem. Solvents were from Burdick & Jackson; CH 3 CN and DMF were anhydrous, HPLC grade. All other reagents were from Aldrich Chemical Company and were used as supplied unless otherwise noted. Pyridine was distilled twice from KOH, once from BaO, and stored over 5A molecular sieves. CH 2 Cl2 was distilled twice from P2O5 and stored over 5A molecular sieves. THF was refluxed over Na / CD measurements were performed with a Jasco J-600 spectrapolarimeter with the following settings: band width, 1.0 nm; sensitivity, 5 mdeg; accumulation, 35; resolution, 1.0 nm; time constant, 2 sec; scan speed, 50 nm/min. l-(2'-Deoxy-/3-D-e/3>f/jro-ribofuranosyl)-2-thiouracil (la) The 3',5'-O-p-toluoyl diester (710 mg, 1.5 mmol), synthesized as previously described, 13b16 was dissolved in absolute MeOH (25 mL) and 0.1 M NaOMe in MeOH (60 mL) was added at 0 °C with stirring. After 3.0 hrs the reaction was judged to be complete by TLC. H 2 O (3 mL) was added to quench the excess NaOMe, followed by portions of Dowex 5OW-X8 cation exchange resin (H + form) until the pH was neutral by litmus paper. The clear solution was filtered, the resin washed with 70% EtOH, and the solvents and 4-methyl-methylbenzoate were removed in vacua to leave a white, crystalline solid (340 mg, 94%). This material was used without further purification, but can be recrystallized from MeOH (m.p. 140.6-141.6 °C). HRFABMS calcd for C 9 H 13 O4N 2 
Diol la (500 mg, 2.1 mmol) was dried in a vacuum desiccator (P 2 O 5 + KOH) for 24 hrs before being dissolved in anhydrous pyridine (15 mL). 4,4'-Dimethoxytrityl chloride (972 mg, 2.9 mmol) was added followed by 4-dimethylaminopyridine (12 mg, 0.10 mmol). After 5 hrs the reaction was judged to be complete by TLC. MeOH (1 mL) was added to the orange solution and after 10 min the mixture was poured into sat NaHCO 3 (100 mL) and extracted with CH 2 Cl 2 (4x 35 mL). Solvents were removed under reduced pressure after drying (Na 2 SO 4 ). The resulting foam was purified by flash chromatography (0-2% MeOH/CHCl 3 + 0.5% pyridine) to give a slightly yellow foam (1.2 g, 90% 1 -(2' -Deoxy-5' -0-4,4' -dimethoxy trityl-/3-D-ery^Aro-ribofuranosyl)-2-thiothymine (2b) The same tritylation procedure described above for uridine analogue 2a was applied to diol lb (50 mg, 0.194 mmol), except the reaction time was increased to 18 hrs. The same work-up and purification afforded a slightly yellow foam (112 mg, 100%). 'H NMR (CDC1 3 ) 5 7.9(s,lH,H 6 ) 7.4-7. l(m,9H,Ar) 7.0 (dd,lH,H r ) 6.8(dd,4H,Ar) 5.1(br s,lH,H 3 .. OH 
Trityl ether 2a (856 mg, 1.57 mmol) was co-evaporated with anhydrous DMF (1x5 mL) and dissolved in anhydrous DMF (5 mL). Imidazole (490 mg, 7.21 mmol) and freshly distilled /-butyldimethylsilyl chloride (544 mg, 3.60 mmol) was added. After 18 hrs the reaction mixture was poured into 5% NaHCO 3 (20 mL) containing a small amount of pyridine. This mixture was extracted with CH 2 C1 2 (4x 20 mL) and the combined organics were washed with H 2 O (lx 20 mL). Solvents were removed under reduced pressure after drying (Na 2 SO 4 ). The resulting foam was co-evaporated with toluene and purified by flash chromatography (0-2% MeOH/CHCl 3 + 0.5% pyridine) to give a white foam (932 mg, 90% 
Trityl ether 2b (80 mg, 0.143 mmol) was treated as described above for the preparation of uridine analogue 3a. After 27 hrs the reaction mixture was worked-up as above and purified by flash chromatography (CHC1 3 + 0.5% pyridine) to give a white foam (82.7 mg, 86% 
-(2' -Deoxy-3' -O-t-buty Idimethy lsily
Silyl ether 3a (720 mg, 1.09 mmol) was dissolved in anhydrous pyridine (20 mL), cooled to 0 °C, and diisopropylethylamine (284 fiL, 1.63 mmol) was added followed by toluoyl chloride (432 nL, 3.27 mmol). After 3 hrs, CH 2 C1 2 (50 mL) was added and the reaction mixture was poured into 5% NaHCO 3 (25 mL). The organic layer was separated and washed again with 5% NaHCO 3 (lx 25 mL), H 2 O (1X 25 mL) and then dried (Na 2 SO 4 ). The dark foam obtained after removal of the solvents was purified by flash chromatography (CH 2 C1 2 + 0.5% pyridine) to give a white foam (828 mg, 86% 
Silyl ether 3b (82 mg, 0.122 mmol) was treated with toluoyl chloride as described above for the preparation of uridine analogue 4a, except the reaction was conducted at 25 °C. After 1 hr, H 2 O (200 jiL) was added and the reaction mixture was worked-up and purified as described above to give a white foam (87.1 mg, 90% 
Toluoyl derivative 4b (87 mg, 0.11 mmol) was dissolved in THF and treated with tetrabutylammonium fluoride and pyridinium acetate as described above for uridine analogue 5a. After 72 hrs, the reaction mixture was worked-up as described above and 
Toluoyl derivative 5a (385 mg, 0.58 mmol) was stored in a vacuum desiccator (P 2 O 5 + KOH) overnight, dissolved in anhydrous CH 2 C1 2 (15 mL) and diisopropylamine (29.3 mg, 0.29 mmol) was added followed by tetrazole (20.3 mg, 0.29 mmol). /3-Cyanoethyl-A',/v r ,A'' ) A''-tetraisopropylphosphoramidite (192 mg, 0.64 mmol) was then added dropwise with stirring. After 5 hrs the reaction was judged to be complete by TLC and was diluted with CH 2 C1 2 (20 mL) and poured into 2.5% NaHCO 3 (10 mL). The layers were separated and the organic layer was washed with H 2 O (10 mL), dried (Na 2 SO 4 ) and concentrated. The residue was purified by flash chromatography (0.5% MeOH/CH 2 Cl 2 + 0.5% pyridine) to give a white foam (386 mg, 77% 
Toluoyl derivative 5b (65 mg, 0.096 mmol) was phosphitylated, worked-up and purified as described above for uridine analogue 6a to give a white foam (61 mg, 72%).
31 P NMR (CDC1 3 ) 5 151.50, 151.87, 152.42.
OUgonucleotide synthesis All oligonucleotides were synthesized at 0.2 ^mol scale on a Pharmacia Gene Assembler Plus DNA synthesizer using conventional /S-cyanoethyl phosphoramidite chemistry. The standard bases were dissolved in CH 3 CN to 0.1 M according to the manufacturer's specifications; all modified bases were dissolved in CH 3 CN:DMF (1:1) to the same concentration. The synthesis protocol was modified to increase the coupling time from 1.7 to 8 min for all bases. All oligomers were synthesized 'trityl off. After synthesis, the solid supports were treated with fresh, concentrated NH4OH (1.0 mL) for 12 hrs at 25 °C and 2 hrs at 50 °C, and the solution was then concentrated to dryness. " Only the top strand is shown. Odn-1 through odn-4 are palindromic. Odn-5 through odn-11 were annealed with an equimolar amount of a second, complementary strand containing the normal four bases. b Determined in 100 mM NaCl, 25 mM KH 2 PO 4 (pH 7.0).
c Determined from the differentiated UV melting curve. d >90% of substrate cleaved by Eco-Rl endonuclease after 4 hrs (+ + +); >90* after 16 hrs (++); >80% after 32 hrs with additional enzyme ( + ). ' Percentage yield has been calculated as (optical density of the pure digo / optical density of the crude matenal injected into HPLQ x 100.
The residue was then taken up in 0.3 M NaOAc (100 id, pH 5.2), 1 mL cold EtOH was added, the solution kept at -78 °C' for 12 hrs, and then centrifuged at 14,000 RPM at 0 °C for 40 min. After decanting the supernatant, the pellet was dried under vacuum and stored at -20 °C.
Oligonucleotide purification
The crude, detritylated oligonucleotides were purified by reversed-phase HPLC (Rainin Microsorb C18 column, 25 cm x4.6 mm, 5/t particle size, 60A pore) using a linear gradient of 6 to 20% A in buffer B over 25 min at a flow of 1.5 mL/min. Detection was at 260 nm for analytical runs (0.05 O.D.) and 290 nm for preparative runs (10-12 O.D.). Appropriate fractions were collected, lyophilized and stored at -20 °C. The purity of some of the samples was confirmed with anion exchange HPLC (Pharmacia Mono-Q HR 5/5, 50x5 mm, 10/* particle size) using a linear gradient of 10 to 70% buffer D in buffer C over 70 min. Gel electrophoresis was also performed on some of the samples using 20% acrylamide, 7M urea.
Deoxynucleoside composition analysis
The enzymatic digestions were done with snake venom phosphodiesterase (SVP, Crotalus adamanteus) and bacterial alkaline phosphatase (BAP). 15 The purified oligo (0.05 O.D.) was incubated overnight at 37 °C with SVP (1.0 U) and BAP (2.0 U) in a total volume of 80 /tL containing Tris buffer (42 mM, pH 7.5) and MgCl 2 (15 mM). The nucleosides were recovered by adding 3.0 M NaOAc (10 yL, pH 5.2), absolute EtOH (250 iiL), chilling at -78 °C for 4 hrs, and centrifuging at 12,000 RPM for 20 min. The supernatant was collected, evaporated, dissolved in 50 y.h of H 2 O, and analyzed by reversed-phase HPLC (Rainin Microsorb C18 column, 25 cmx4.6 mm, 5m particle size, 60A pore) using a linear gradient of 5 to 6% A in buffer B over 15 min at a flow of 1.0 mL/min. Detection was at 260 nm. The following correction factors were applied to the integrated areas of the deoxynucleoside peaks: dC = 1.000; dG = 0.624; dT = 0.830; dA = 0.474; d^U and = 0.903.
Thermal denaturation and CD spectroscopy
Approximately 0.7 O.D. units of each purified oligonucleotide was dissolved in 25 mM KH 2 PO 4 (pH 7.0) containing 100 mM NaCl and heated at 95 °C for five min. This solution was allowed to cool to 20 °C over a 2.5 hour period just prior to analysis. The samples were then heated from 20 °C to 95 °C at a rate of 0.71 °C/min and the absorbance at 260 nm was measured at 2.2 sec intervals. The same samples were used for the CD measurements after re-annealing as described above. CD measurements were taken at room temperature with a 1 mm pathlength cell. Eco-Rl endonuclease digestions 6.4 /ig of each purified oligonucleotide in 100 /tL buffer [25 mM KH 2 PO 4 (pH 7.0), 100 mM NaCl] was annealed as described above just prior to analysis. These solutions were adjusted to 25 mM Tris (pH 7.5), 10 mM MgCl 2 , 1 mM dithiothreitol and 40 units Eco-Ytl endonuclease was added. The digestions were conducted at 37 °C. 30 pL aliquots were removed at four and twelve hour intervals and the enzyme was deactivated by heating at 60 °C for five min. An additional 40 units of the enzyme was added to the remaining sample and the digestion was allowed to proceed an additional 16 hours. Analysis was performed by reversed-phase HPLC using the conditions described above for the purification of the oligomers.
RESULTS AND DISCUSSION
Synthesis of the phosphoramidites Scheme 1 outlines our method for the synthesis of the protected 2-thiopyrimidine phosphoramidite monomers. 2'-Deoxy-2-thiouridine, la, was prepared from the a-chlorosugar and silylated 2-thiouracil, as we described in an earlier paper. 16 2'-Deoxy-2-thiothymidine, lb, was prepared via a modification of Faeber and Scheit's procedure employing sulfhydrolysis of the cyclic 2,5'-anhydro species.
13a ' 17 Both free nucleosides were selectively tritylated to give the 5'-0-trityl ethers 2a and 2b, and then silylated with f-butyldimethylsilyl chloride and imidazole in DMF to give the 3'-O-silyl ethers 3a and 3b. Treatment of these diethers with toluoyl chloride and MN-diisopropylethylarnine in pyridine readily afforded the fully protected derivatives 4a and 4b. These were obtained as inseparable mixtures of the N 3 and Cr^-acyl products (2:1), which is in contrast to thymidine or undine, which generally only gives the N 3 product. 18 Attempts to alter the ratio by modifying the reaction conditions were unsuccessful. Fortunately, both the N 3 and O 4 product are unreactive toward the iodine reagent and both are readily cleaved by aqueous ammonia. All attempts to directly protect the sulfur atom of 3a, for example with methylmethanethiosulfonate, were unsuccessful.
141
' Derivatives 4a and 4b were desilylated with excess tetrabutylammonium fluoride in THF containing pyridinium acetate to give the key intermediates 5a and 5b. The pyridinium acetate is necessary to quench the alkoxide that is formed and thus prevent deprotection of the toluoyl group and/or transesterification. Phosphitylation with /3-cyanoethyl-AWW.W-tetraisopropylphosphoramidite 19 and diisopropylammonium tetrazolide in CH 2 Cl2 afforded the phosphoramidite synthons 6a and 6b in good yield. 20 Synthesis and purification of the oligomers Table 1 gives the sequences of the 11 oligodeoxynucleotides (odn) we have synthesized. All of the sequences are 14 bases in length and contain the Eco-Rl hexanucleotide recognition site. The first set of sequences (odn-1-4) is self-complementary, or palindromic. The second set (odn-5 -11) is non-palindromic and requires a separate, complementary strand to form the DNA duplex required for enzyme activity. All of the bases were quantitatively incorporated into the oligomers, as determined by a spectrophotometric analysis of the trityl fractions. Figure 1A shows the crude HPLC chromatogram of a representative oligomer. In each case the desired oligomer was the major product. All of the sequences were purified by reversedphase HPLC. Some of the palindromic sequences required the collection of two peaks, depending on the injection concentration. 21 The earlier eluting peak is most likely the hairpin form. Both peaks gave the expected base composition results and identical retention times on an anion-exchange HPLC column.
Although both d^U and d^T were quantitatively coupled into the oligomer, the d^U containing oligomers were consistently recovered in lower yields after purification. Perhaps this is due to the increased reactivity of d^U toward some other reagent, such as the ammonia used for the deprotection. l4b However, without base protection of d^U to prevent oxidation, it is not at all possible to incorporate this residue into oligonucleotides using conventional phosphoramidite methodologies. All our attempts revealed that, although the phosphoramidite is incorporated efficiently, no oligomer of the desired length remains intact after the ammonia deprotection, as determined by gel electrophoresis. Iodine promoted desulfurization to the 4-pyrimidinone during DNA synthesis is virtually quantitative, and strand-cleavage occurs at this pyrimidinone site when the oligomer is treated with aqueous ammonia.
22
Characterization of the oligomers Base composition analysis. Figure IB shows a representative HPLC base composition analysis. d^U and d^T, and all the standard bases, are completely base-line resolved under the analysis conditions. Peaks were identified by co-injection with authentic samples. These results show that the thionucleoside residues are intact, unmodified and are present in the correct ratios. Also, there are no unidentified peaks. We have synthesized the desulfurized nucleosides d^U and d^T, and these elute between dC and dG.
Thermal denaturation. Figure 2 shows the UV melting curves. All of the sequences exhibited a cooperative hyperchromic melting profile consistent with a helix-coil transition. All of the T m values were above 64 °C, which implies that each oligonucleotide will be double-helical at 37 °C. The palindromic d M T containing sequences (odn-1-4) showed increased T m values relative to the control (+A 4-6 °C). This enhanced stability has previously been observed. 14b The increase in stability, however, is not a general effect of sulfur substitution and appears to be due to inter-strand interactions as opposed to intra-strand interactions. This is revealed by the T m values for the non-palindromic d S2 T containing oligonucleotides (odn-5-8), which are slightly lower than the control (-A 2-4°C ). This is the first report where non-palindromic oligonucleotides containing d^T have been prepared. The CD results discussed below are also consistent with inter-strand interactions. Odn-11 exhibits an especially high T m of 77 °C, possibly due to improved stacking of the thiocarbonyl groups.
The differentiated UV melting curves for the non-palindromic sequences were sharp and symmetrical, whereas those for the palindromic sequences were broader and more complex. The complexity of these first derivative curves implies a multi-state helix-coil transition or multiple intermediates along the melting pathway. 23 Similar results have been obtained for the Dickerson dodecamer, a palindromic sequence closely related to odn-1-4. 24 Analysis of the shape of the differentiated UV melting curve allowed determination of the van't Hoff transition enthalpies 25 shown in Table 1 .
Circular dichroism. The CD spectra for the non-palindromic modified sequences (odn-6-11) closely resemble the control sequence, odn-5, which has characteristics typical of B-type DNA. 26 The main difference between the control and modified sequences is a decrease in intensity of the negative 246nm band. This is possibly due to a widening of the minor-groove to accommodate the more sterically bulky sulfur atom. A-type DNA, which has a wider minor-groove, also has a decreased 246nm band. However, A-type DNA also has a more intense (ca. 2X) 282nm band -a feature not exhibited by odn-6-11 (see fig. 3B ,C). Although CD spectroscopy is a sensitive probe of macromolecular conformation, it is influenced by nearestneighbor interactions and is therefore somewhat sequence dependent. 27 The differences we observe could be due to nearest-neighbor interactions involving the thiopyrimidine chromophore(s).
The palindromic modified sequences (odn-2,3,4) show more complex CD spectra (see fig. 3A ). Odn-4 has 3 distinct maxima: 282, 256 and 237nm. Odn-2 shares the 282 and 256nm band, while odn-3 has the 282 and 237nm band. Since the 256 and 237nm bands are unique to the palindromic sequences, these features can be correlated to inter-strand interactions.
Other workers have made the general conclusion, based on CD experiments with a limited number of short palindromic sequences, that oligonucleotides containing d 5^ do not adopt a B-type DNA duplex. 50 ' 46 Our CD results show that if this is the correct interpretation of the CD data, it only holds for palindromic sequences where there are possible inter-strand sulfur-sulfur interactions. Moreover, the endonuclease digestion experiments described below suggest that the complex CD spectra shown in fig. 3A are not due to significant conformational deviations from the B-type duplex.
Eco-RI endonuclease substrate activity. Each of the oligodeoxynucleotides was tested for its ability to act as a substrate for the Eco-RI endonuclease enzyme. No effort was made to extract detailed kinetic information. We have attempted here to use the enzyme as a qualitative probe of the overall conformation of the oligomer in light of the anomalous CD spectra. We postulated that the enzyme would not recognize a severely distorted duplex and therefore cleavage would not occur. In particular, we were interested in seeing if the palindromic sequences would be good substrates. It is known from X-ray crystallography of the £co-RI endonuclease • DNA complex that the protein interacts only with the major groove of the DNA. 28 Also, dodecanucleotides containing dU in place of dT in the hexanucleotide recognition site are known to be efficiently hydrolyzed.
5dx NMR studies of the Dickerson dodecamer, which contains the Eco-Rl recognition site, have shown that it adopts qualitatively a B-type duplex in solution. 29 Since the thiocarbonyl of 2-thiopyrimidines is positioned in the minor groove, our sequences should be cleaved, provided they adopt a conformation suitable to the enzyme.
The results of the digestions are summarized in Table 1 . Given enough time, the endonuclease completely cleaved all of the sequences at the correct position, as determined by HPLC analysis of the digestion mixtures (data not shown).
M In addition, all of the sequences where the internal thymidine was replaced with d^U or d^T (odn-2,4,6,8,9,11) were cleaved less efficiently than the control. Replacement of the external thymidine with d^U or d^T (odn-3,7,10) had no significant effect, and in one case (odn-10) increased the cleavage rate relative to the control. Most importantly, the palindromic sequences that produced the anomalous CD spectra (odn-2-4) were very effective substrates. This suggests that these oligonucleotides form the standard Btype DNA duplex and that the complex CD spectra are a result of the new thiopyrimidine chromophore(s) and their nearestneighbor interactions.
